Abstract. Adenovirus-mediated gene therapy for hematopoietic malignancies, especially those derived from B cells, is difficult due to systemic nature of these diseases. More importantly, most tumor cells derived from B cell lineage express a very low level of the adenovirus receptor hCAR; thus, warranting the design of adenoviral vectors with high affinity to abundant B cell surface molecules. To mimic this approach and to test the validity of adenoviral vectors in gene therapy of disseminated malignancies, we created an hCARexpressing follicular lymphoma B cell line. The cell line was generated with the aid of a lentivirus vector carrying a novel fusion gene with EGFP replacing the cytoplasmic domain of hCAR. After verifying that this cell line was expressing the hybrid receptor in a correct manner and enrichment of the bright EGFP positive population, the cells were transduced with adenoviruses expressing the red fluorescent protein DsRed2. It was shown that regular transduction with a low viral dose (1 pfu/cell) increased the gene transfer rate by a factor of 5. Furthermore, experiments with adenovirus vector carrying the HSV-TK-GFP transgene demonstrated that the modified follicular lymphoma B cells became sensitive to ganciclovir while the parental cells remained virtually resistant to this form of gene therapy. In summary, we show here with this simple model system that adenoviral gene therapy of B cell malignancies is possible provided that correct receptors for adenovirus attachment are present on the surface of the target cells. Thus, our results warrant further modifications of adenovirus capsid to obtain vectors with specific affinity to B cell epitopes.
Introduction
It is known that treatment of B cell malignancies with conventional chemotherapy could still be more efficient (1) (2) (3) (4) . In order to increase the treatment efficacy of B cell malignancies, development of new therapies is needed. One of the enhanced therapy strategies could be cell type-specific gene therapy. Human B cells are known to be resistant to conventional nonviral gene transfer methods, but there are reports of successful virus-mediated gene delivery into B cells using adenovirus, Epstein-Barr virus (EBV), adeno-associated virus (AAV) or lentivirus vectors (5) (6) (7) (8) (9) (10) . Using B cell-targeted virus-mediated gene therapy, B cell-derived cancers could be treated more efficiently since all B cells can be killed and even then the patient survive under IgG-replacement therapy, such as shown in X-linked agammaglobulinemia patients (11) . The treatment of B cell malignancies with targeted adenoviruses would be an interesting option due to many advantageous features of this vector type (12) . However, it is known that adenoviruses transduce B cells poorly owing to lack of expression of the adenovirus attachment receptor hCAR (human coxsackie adenovirus receptor). Thus, adenovirus vectors need extensive capsid modifications to be useful in B cell gene transfer. This would increase efficiency, specificity and reduce the well-known side-effects occurring due to natural adenovirus tropism to liver cells (13, 14) . Potential and strictly B cell-specific surface structures could be Ig· and Igß that are members of the B cell receptor (BCR) complex. Furthermore, BCR-specific adenoviruses could be achieved by creating a fusion protein from anti-BCR antibody (Ab) and hCAR ectodomain protein further linked to adenovirus capsid, as previously described with CD40 and CAR ectodomain (15, 16) . In addition, BCR complex targeting is advantageous because BCR-antigen complexes are internalized using clathrin-coated pit endocytosis, as occurs with a natural adenovirus receptor complex (17, 18) .
As a model of B cell targeted and specific adenoviral gene therapy, we used a novel fusion gene in which the cytoplasmic tail of hCAR was replaced with marker protein EGFP. The hCAR-EGFP fusion gene construct was introduced to hCAR negative human follicular B cell lymphoma cells using lentiviral gene transfer method (19) . In this experimental model we could show indirectly that adenovirus retargeting can change adenovirus resistant cells to become sensitive, suggesting that adenoviral gene therapy of B cell malignancies is feasible, but further development of appropriately targeted adenovirus vectors is warranted to increase the specificity and efficacy.
Materials and methods
The follicular lymphoma cell line HF28RA has been described earlier (20) . The cells were cultured in a moist atmosphere of 5% CO 2 at 37˚C. RPMI-1640 medium was used as a growth medium (Gibco BRL Life Sciences, Paisley, Scotland) supplemented with 5% heat-inactivated fetal calf serum (FCS, Biological Industries, Kibbuz Beit Haemek, Israel), 2 mM L-glutamine, 200 μg/ml streptomycin (SigmaAldrich, Stenheim, Germany), 240 IU/ml penicillin (Orion, Espoo, Finland), 10 mM HEPES buffer (Gibco BRL), 0.1 mM nonessential amino acids (Gibco BRL), 1.0 mM sodium pyruvate (Gibco BRL), and 20 μM 2-mercaptoethanol (Fluka Chemie, Buch, Switzerland).
Expression of fluorescent proteins: hCAR-EGFP, DsRed2 (red fluorescent protein from Discosoma sp.) and TK-GFP (herpes simplex virus type I thymidine kinase and green fluorescent protein), was detected using FACScan and FACSCalibur (BD Biosciences, San Jose, CA, USA). Cells expressing hCAR-EGFP fusion gene were further enriched and purified by cell sorting using EPICS Elite ESP flow cytometer (Beckman Coulter, Fullerton, CA, USA). The cell surface expression of hCAR was detected with hCAR-specific anti-hCAR mAb (RmcB, mouse anti-human monoclonal Ab) (21) and Tri-color conjugated goat anti-mouse Ab (Caltag Laboratories, Burlingame, CA, USA).
Truncated hCAR (ΔhCAR) without the cytoplasmic domain was amplified from a plasmid, pBluescriptSK(+)-hCAR(1-262), by PCR with primers that contained overhanging BamHI and Sal I cleavage sites. The primers for hCAR PCR were: hCAR sense (S) 5'-AAA GGA TCC GGC AGC CAC CAT GGC GCT CC-3' and hCAR anti-sense (AS) 5'-AAA GTC GAC CTT TTT ACG ACA GCA AAA GAT G-3'. The EGFP lacking the ATG start codon (ΔEGFP) was amplified by PCR from a plasmid, pEGFP-C3, using primers that contained overhanging SalI and HindIII cleavage sites. The primers for EGFP PCR were: EGFP (S) 5'-AAA GTC GAC GTG AGC AAG GGC GAG GAG CTG TT-3' and EGFP (AS) 5'-AAA AAG CTT CTA CTT GTA CAG CTC GTC CAT GCC G-3'. ΔhCAR was further subcloned into a BamHI-SalI-digested pGEM3Z-plasmid, and fusion gene hCAR-EGFP was created by subcloning ΔEGFP into a SalIHindIII-digested hCAR-pGEM3Z. The plasmid containing hCAR-EGFP was subcloned into the BamHI-HindIII-digested pSCT1, derived from the eukaryotic expression vector pSTC (22) . The hCAR-EGFP was further cloned into the BamHIKpnI-digested pHRCMV plasmid (23) . Finally, the lentiviral vector containing the fusion gene hCAR-EGFP was produced following the protocol described earlier (19) . The titer of produced hCAR-EGFP lentivirus was 5x10 6 t.u. (transducing units)/ml as measured by FACS analysis (19) .
First generation E1/E3 deleted serotype 5 AdDsRed2 vector (adenovirus vector containing red fluorescent protein DsRed2) was created by inserting BglII-NotI-digested DsRed2 fragment from pDsRed2-N1 (BD Biosciences Clontech, Mountain View, CA, USA) into pShuttleCMV (AdEasy-kit™, Qbiogene, Illkirch, France), further to obtain pShuttleDsRed2. PmeIlinearized pShuttleDsRed2 and circular pAdEasy-1 were cotransfected into E. coli strain BJ5183 cells followed by homologous recombination to obtain pAdDsRed2 (Adenoviral plasmid). PacI-linearized pAdDsRed2 was transfected into 293 cells, CRL-1573 (ATCC, Manassas, VA, USA) with Superfect (Qiagen, Hilden, Germany) following the manufacturer's instructions. Adenovirus colonies were picked and virus was propagated in 293 cells and purified using standard techniques. Viral particles (VP) were determined with spectrophotometry and plaque forming units (pfu) with plaque assay. AdTK-GFP vector (adenovirus vector containing TK-GFP fusion gene) was constructed earlier (24) . Titers of viruses used were: AdDsRed2: 5.0x10
11 VP/ml; 3.28x10 10 pfu/ml, and for AdTK-GFP: 4.2x10 11 VP/ml; 2.2x10 10 pfu/ml. The HF28RA cells were transduced with hCAR-EGFP lentivirus in a 6-well plate using 100,000 cells/ml/well, in the presence of polybrene 8 μg/ml (Sigma-Aldrich, Stenheim, Germany) and with 1.5 t.u./cell. Adenoviral transductions with AdDsRed2 or AdTK-GFP vector (both with 1, 10 and 100 pfu/cell), were done according to the following protocol: 1x10 6 cells were added onto a 24-well plate in 300 μl of serumfree growth medium containing adenovirus and incubated at 37˚C for 3 h. After transduction, 1 ml of complete growth medium was added to the wells and incubation was continued at 37˚C for 24-48 h before analysis of DsRed2 or TK-GFP expression.
Total mRNA was isolated from 10 6 cells of each sample, using a MasterPure™ kit (Epicentre, Madison, WI, USA). DNase I and Proteinase K treatments were included in the total mRNA isolation procedures. cDNA was synthesized as described earlier (25) and stored at -20˚C. Expression of TK and ß2μG was analyzed by RT-PCR using primers described earlier (26, 27) . RT-PCR was performed with the following cycling parameters: 3 min at 94˚C followed by 34 cycles of 1 min at 94˚C, 1 min at 57˚C and 1 min at 72˚C with a final 10 min extension at 72˚C. Specific RT-PCR products were visualized and analyzed after agarose gel (1.3% agarose) electrophoresis.
Cell viability was analyzed with MTT-assay according to manufacturer's instructions (Cell proliferation kit II, Roche Diagnostics, Indianapolis, IN, USA). In brief, the cells were plated onto a 96-well plate at the density of 40,000 cells/well followed by infection with AdTK-GFP for 6 h at 37˚C using 1, 10 and 100 pfu/cell. After infection, fresh growth media was added. Ganciclovir (GCV) containing media was added 24 h post-infection and cells were grown in the presence of GCV (10 μg/ ml) for 5 days.
All the statistical analyses were done by using the MannWhitney test. A p-value of <0.05 was regarded as significant.
Results
To allow efficient adenoviral gene transfer of B cells, adenovirus vector particles need to be modified in order to recognize molecules that are present on B cell surface. As we did not have access to adenovirus modification technology, the targeting to B cells was simulated by making B cells more permissive to standard adenovirus vectors i.e. modifying these cells to express the primary attachment receptor hCAR. Since it has been observed that HF28RA cells are resistant to various non-viral gene delivery methods, such as polycation PEI (polyethyleneimine) or liposomes DOPE (1,2-Dioleyl-3-phosphatidylethanolamine) and DOTAP (N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethyl ammonium methylsulfate) or electroporation (data not shown), we decided to carry out the B cell modifications with lentivirus-mediated gene transfer because lentiviruses transduce a wide selection of target cells (19) , and cause stable, long-term gene expression by integrating the transgene into target cell genome.
Follicular lymphoma cell line HF28RA was transduced with a lentiviral vector containing the hCAR-EGFP fusion gene, using 1.5 t.u./cell (Fig. 1) and transduction efficiency was analyzed by flow cytometry (Fig. 2A) . HF28RA cells showed variable expression of hCAR-EGFP after lentivirusmediated transduction. The bright hCAR-EGFP positive cells were enriched by cell sorting (Fig. 2A) . The phenotype of bright positive, sorted hCAR-EGFP cells were stable in cell culture for a month.
The cell surface expression of the hCAR-EGFP fusion protein in enriched HF28RA hCAR cells was further analyzed and the extracellular domain of hCAR was detected using anti-hCAR mAb and Tri-color conjugated secondary Ab. The results (Fig. 2B) showed that 27% of enriched HF28RA hCAR cells were double positive for hCAR-EGFP and anti-hCAR mAb. This result demonstrated that the EGFP-tailed hCAR was properly expressed, with the correct domain accessible on the cell surface. The functionality of the hCAR-EGFP fusion protein was studied by transducing the cells with AdDsRed2. The expression of DsRed2 was measured with FACS (Fig. 3A) . AdDsRed2 efficiently transduced HF28RA hCAR-EGFP cells when compared to parental HF28RA cells (Fig. 3A and B) . In HF28RA hCAR cells, the expression of DsRed2 was significantly higher with 1 pfu/cell [4.9 MFI (mean fluorescence intensity) ± 0.83 SEM] and 10 pfu/cell (8.9 MFI ± 1.70 SEM) than in HF28RA cells with respective pfu/cell values (1.1 MFI ± 0.03 SEM and 3.2 MFI ± 0.32 SEM). Fluorescence microscope images of AdDsRed2-infected cells after a 48 h incubation also supported the FACS results (Fig. 3B) , showing that higher proportion of target cells were positive for red fluorescent (675 nm).
To test whether hCAR-EGFP could also deliver therapeutically relevant transgenes, such as HSV-TK, HF28RA hCAR cells were infected with AdTK-GFP. DNase I-treated messenger RNA representing HSV-TK sequences was detected by RT-PCR to show that HF28RA hCAR cells were efficiently transduced even with 1 pfu/cell (Fig. 4A) AdTK-GFP vector, followed by a 5-day incubation with GCV. The cell viability after GCV treatment was measured using MTT method (Fig. 4B) . In HF28RA hCAR cells, both viral doses yielded significantly (p<0.05) decreased cell viability when compared to parental HF28RA cells. The viability of parental HF28RA cells appeared to be virtually unaffected under conditions that destroyed about 1/3 of the hCAR expressing cells. The AdTK-GFP transduction alone did not induce cellular proliferation (Fig. 4B, grey columns) . In addition, the cell viability was significantly (p<0.05) higher compared to AdTK-GFP-transduced and GCV-treated HF28RA hCAR cells (Fig. 4B, black columns) .
Discussion
It is known that hematopoietic malignancies are difficult targets for virus-mediated gene therapy due to the systemic nature of the disease (28) . In addition, the efficiency and target cell specificity of vectors should be improved before systemically administered gene therapy can be fully utilized (6,7,9,10,19,29) . Adenoviruses have been used widely during the past years because of their high titer recombinant virus production, broad target cell tropism, capability to infect postmitotic cells and large DNA packaging capacity. In contrast to genome integrating retroviruses that can have adverse effects, such as induction of leukemia-type diseases (30) , adenoviral DNA is expressed transiently from extrachromosomal elements, which is a desired feature in most forms of cancer gene therapy (12) . On the other hand, immunogenicity has been one of the major obstacles in gene therapy with adenovirus vectors (31) . Although adenovirus target cell tropism is known to be broad, human peripheral blood leukocytes, spleen and thymus cells do not express hCAR, which makes them resistant to adenovirusmediated infection (17, 32) . It has also been reported that hCAR is not expressed on the cell surface of bone marrow (BM) CD19 + B cells or CD4 + or CD8 + T cells (33) . Similarly, the unmodified follicular lymphoma B cells used in this study were resistant to adenovirus infection due to lack of endogenous hCAR (adenovirus attachment receptor) on the plasma membrane. In our indirect targeting model, we were able to show that originally hCAR negative non-adherent cancer cells could be efficiently infected and treated with adenovirusmediated suicide gene therapy.
In order to initiate B cell-specific gene therapy experiments, in vitro or in vivo, development of new retargeted virus vectors are required. It is known that adenovirus capsid modifications are extremely laborious. Therefore, we propose the use of a fusion protein containing a cell-specific Ab and adenovirus capsid-targeted protein to redirect viral vectors to B cells as described previously with ovarian cancer cells (15) . We suggest that possible B cell-specific cell surface structures would be BCR, CD19 or CD20. Among these the most suitable target molecule would be BCR because it is highly B cell-specific and abundantly expressed on the B cell surface. Because BCR and serum antibodies have identical structure, the B cellspecific retargeting molecule expressed on the B cell surface should be a member of the BCR complex, such as Ig· and Igß. Using this retargeting design, intravenously administered gene therapy might have high efficacy and endogenous adenovirus vector neutralization induced by serum Abs would be prevented. In addition to described fusion protein strategy, successful B cell-specific gene therapy model was reported using adenovirus vectors combined with bi-specific peptide recognizing both adenovirus capsid structures and CD40 receptor (34) . In addition to adenovirus vector retargeting, the use of strictly B cell-specific promoterenhancer combination (VH promoter-3' enhancer) (35) , would decrease severe side-effects such as by-stander cell death or tissue destruction. Furthermore, adenoviral but indirect methods could be used to treat B cell-derived malignancies, such as induction of anti-tumor immune reaction (36) .
In this study, we showed indirectly that targeted adenoviruses can be used efficiently in the gene therapy of hematopoietic malignancies e.g. B cell cancers. However, in order to markedly increase the survival of patients with B cell malignancy, a new generation of targeted adenoviruses expressing strictly target cell-specific structures on the virus capsid are required. Cell viability was tested with MTT method after cells were transduced using AdTK-GFP with 0 or 1 or 10 pfu/cell followed by 5-day incubation in the presence of 10 μg/ml GCV. Data are shown as mean ± SEM of three independent experiments with triplicate samples. Statistical analyses were done by using the Mann-Whitney test. A p-value of <0.05 was regarded as significant. The cell viability decreased with statistical significance is marked with ↓↓↓ when compared to HF28RA cells in the presence of GCV. The cell viability changed with statistical significance is marked with *** when compared to HF28RA hCAR cells in the presence of GCV (B).
